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2 time giving very long-lived emission. We also note, that this exciplex-fed long-lived emission from heavy metal complexes is observed in several PLEDs with PBD and PVK (and also OXD-7) doped with blue or green iridium phosphors indicating this to be a general phenomenon.
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Introduction
Since the discovery of polymer light emitting diodes (PLEDs) [1] it has been assumed that singlet and triplet excitons are formed in the ratio of 1:3 which fundamentally limits external quantum efficiency of PLED devices. This is due to the fact that 75% of excitons formed are triplet states which are weakly emissive [2] and it is clear that one could increase the quantum efficiency of PLEDs four-fold by utilization of triplet excitons. This has been successfully achieved using heavy metal complexes as emissive dopants where phosphorescence efficiency is increased due to (heavy metal enhanced) spin-orbit coupling. [3, 4] In order to avoid concentration quenching, heavy metal complexes are doped into various polymer hosts, poly(vinylcarbazole) (PVK) [5, 6] being one of the most popular, due to its high triplet level suitable for green dopants [7] . It has been reported that green PLEDs with a PVK host can achieve up to 40 cd/A efficiency [6] . Because PVK has very poor electron transporting and injection properties doping electron transport materials such as 2,2'-(1,3-phenylene)bis [5-(4- 
tert-butylphenyl)-1,3,4-oxadiazole] (OXD-7) or 2-(4-tert-butylphenyl)-5-(4-biphenylyl)-
1,3,4-oxadiazole (PBD) into the PVK host improves efficiency. [8] This is generally ascribed to capture and transport of electrons on the PBD or OXD-7 because the LUMO level of PBD 3 at 2.4 eV is close to the Ba work function at 2.7 eV, and also because PBD is an efficient electron transport material. [9] In this paper, we show that this improvement in device efficiency cannot be wholly attributed to the improved electron injection and transport properties, but should also be attributed to long-lived emission from iridium dopants lasting up to milliseconds, which is much longer than the lifetime of the pure iridium complex which is in the range of microseconds [10] . We suggest possible origins of this long-lived emission in PLED devices and show that it contributes to more than half of the total emission in some cases. An exciplex formed between PVK and PBD and a charge transfer state between the iridium complex and the PVK contribute to this emission. It is estimated, that the former contribution is greater.
We emphasize that this is a general observation for many iridium based dopants in PVK where OXD-7 or PBD are used, as we observe this long-lived emission in PLEDs with various emitters, including di-iridium complex 1 [11] , the blue emitter (iridium(III)bis is a more soluble analogue of 3. We concentrate on di-iridium emitter 1 and PBD, where the long-lived delayed emission in 1 [11] provided maximum contribution to the overall device emission, whereas the data for the other emitters 2-4 is provided in supplementary information. 
Experimental
Device Fabrication
EL and PL transients
PL transients were recorded by exciting films at 355 nm with 150 ps length YAG laser (EKSPLA) pulses and collecting light using a JobinYvon spectrograph and gated iCCD camera (Stanford Computer Optics) by exponentially increasing delayed and integration times as described in ref [17] . This allows to record up to 10 orders of magnitude in time and intensity of the PL decay. [18] For EL transients the same light collection setup and data collection methods were employed and as excitation source an HP 8114A pulse generator was used (length 1 ms).
Results and Discussions
Four types of PLEDs were fabricated with structures: ITO/PEDOT-PSS/PVK:40% PBD: 5% 1/Ba/Al (type 1), ITO/PEDOT-PSS/PVK:40% PBD/Ba/Al (type 2), ITO/PEDOT-PSS/PVK/Ba/Al (type 3), ITO/PEDOT-PSS/PVK: 5% 1/Ba/Al (type 4). Complex 1 is a very efficient green di-iridium complex that we have reported recently [11] . The highest occupied molecular orbitals (HOMO) and lowest unoccupied molecular orbitals (LUMO) are depicted in Figure 1 . [11] In these devices electrons are transported via PBD molecules and holes via PVK chains and most of the excitons should be created on the Ir dopant as its LUMO and HOMO levels should trap electrons and holes from the PBD and PVK, respectively. However, it is also possible that exciplexes can be formed between the LUMO of PBD and the HOMO of PVK, which is confirmed by the observation of exciplex emission in 6 PVK:PBD devices without a phosphorescent dopant [12] . Exciplexes could be formed even when a dopant is present, as the latter is normally used at low concentrations in the range of 10%, whereas PBD is normally doped at 40% wt% ratio to PVK. When an iridium complex is doped into the emissive layer, the device emission will be dominated by the efficient complex emission as usually the exciplex has low radiative efficiency. Throughout this paper we will argue that the major part of the observed long-lived emission arises from exciplexes having triplet character which feed back to the Ir complex; we also show that their existence is crucial to the high efficiency of the devices under investigation. 
. HOMO (<-5 eV) and LUMO (>-2.41 eV) level diagram (in eV) of materials under investigation. Work functions of ITO and Ba/Al in eV are also provided. For 1 the HOMO level is
taken from electrochemistry (vs ferrocene) [11] and the LUMO is calculated by subtracting the optical bandgap. PBD and PVK levels taken from [13] page 224. b. Chemical structures of complexes under investigation: 1 di-iridium complex reported in [11] 
, 2 iridium(III)bis[2-(2,4-difluorophenyl)-4-(2,4,6-trimethylphenyl)pyridinato-N,C 2 ']picolinate), 3 -fac-tris(2-phenylpyridine)-iridium, 4 fac-tris[2-(2-pyridinyl-kN)(5-(3,4-bis(2-methylpropyloxy)phenyl) phenyl)-kC]-iridium(III)
The electroluminescence (EL) and photoluminescence (PL) transients of these devices are shown in Figure 2 . The EL transient was recorded at 14 V and 1 ms length pulsed excitation. The EL transient curve of type 1 devices consists of two features on a log-log scale. A clear early time exponential decay is observed and at longer times there is a second linear feature with a power law dependence with the slope approaching -0.7. The emission spectra from both regions are, however, the same (Figure 2b .) The intensity contribution (calculated as the area under the region) of the power law part is ~65% of the total emission (two times greater than the exponential part). This is substantial and shows that the power law emission makes a very important contribution to the device efficiency. The PL transient with λ ex =355 nm of the same device also shows the exponential and power law features with the slope of -0.6, however, with the major difference that now the power law contribution is considerably smaller (35% of the total emission). The power law contribution decreases even more (3% of the total emission) in the PL transient with λ ex =450 nm. With λ ex =450 nm the iridium complex is excited directly, as neither PBD nor PVK absorbs at this wavelength and concomitantly no PBD:PVK exciplex excited states are formed; hence clearly the greatest part of the long-lived tail contribution arises due to the presence of excited PVK and PBD species. Note, an exciplex has no stable ground state and so there can be no energy transfer to an exciplex state. been observed previously by Rothe et al; [14 ] however, its contribution to the overall emission was negligible. Rothe et al [14] proposed that this emission arises from a charge transfer state between the complex and the PVK. It was suggested that this state is formed from the initially excited iridium complex 3 MLCT state due to a charge transfer from the ligand of the complex to a nearby host polymer site and subsequent return back to the iridium complex. We observe similar behaviour of this long-lived feature as in the work of Rothe et al. [14] . Firstly, time resolved spectra from both the exponential part and the power law part of the curve are exactly the same. This means that emission is coming from the dopant at all times; however, it is unlikely that the power law emission is coming from excitons formed as a result of recombination on the dopant due to the short radiative lifetime of the dopant (in the range of 1 to 2 µs, [10, 11, 15] whereas the power law feature lasts up to milliseconds). We can also discount the hypothesis that the dopant, at late times, is fed from either PBD or PVK triplet states, as it is very unlikely that triplets formed on the PVK and PBD molecules have a lifetime in the range of milliseconds at room temperature ( Figure 4) . In recent studies on triplet dynamics in polymer and small molecule films it was shown that triplet lifetimes at room temperature are in the range of microseconds rather than milliseconds, which is 3 order of magnitude lower. [16] [17] [18] In addition, an iridium complex acts as a deep electron trap ( Fig. 1) and it is likely that triplet excitons are not formed at all on PVK or PBD in devices, as PVK and PBD molecules are the least likely recombination centres. It is more likely that exciplex states between the HOMO of PVK and the LUMO of PBD will be formed (see Figure 1a for a HOMO-LUMO diagram). Furthermore, in agreement with Rothe et al, [14] we have observed that at higher voltage the emission is quenched with a power law decay (Fig. 3) , while it does not impact on the exponential feature to such an extent. This also indicates that the origin of this emission is not an iridium 3 MLCT state, but instead a state having much more charge transfer character. It also rules out the possibility of enhanced triplet exciton formation from excitons created on either PVK or PBD via a long range resonantly enhanced heavy atom effect [19] . Thus, it is possible that the long-lived emission (or at least part of it) in our devices arises because of the same reason as suggested by Rothe et al. [14] Nevertheless, a mechanism must be found by which the long-lived emission contributes ~7-8 orders of magnitude more light to the total emission than that observed by
Rothe et al. [14] Hence we propose that the dopant, at long times, is fed via exciton transfer from the long-lived exciplex state having triplet character, formed between PVK and PBD. Devices with a PVK-only active layer emit at 410 nm, which can be ascribed to a mix of PVK singlet and PVK excimer emission, [20] whereas time resolved EL spectra of devices with PVK:PBD peak at 437 nm; this emission can be ascribed to the exciplex formed between the HOMO of PVK and the LUMO of PBD. Interestingly, we observe exciplex emission in Type 2 devices up to 1 ms, which we ascribe to emission from the exciplex triplet state. In addition, at very late times, emission centred at 530 nm is observed, which could be ascribed to PVK triplet dimer emission. [7] The exciplex triplet level should be close to that of the singlet level, as predicted by Beens et al [21] and experimentally shown by Frederichs et al. [22] This is the consequence of the small HOMO-LUMO overlap in exciplexes which reduces the singlettriplet splitting (exchange energy). [23] Consequentially it is very difficult to distinguish between singlet and triplet spectra, hence we ascribe emission in PVK:PBD devices recorded at late times at ~437 nm to a PVK:PBD exciplex triplet by virtue of the long lifetime (in the range of hundreds of µs) in line with other recent results [24] . We thus propose that the PVK:PBD exciplex with triplet character feeds the iridium complexes via exciton transfer, in line with the large increase (Figure 3 ) of long-lived emission when PBD is added to the device. This rationale also agrees with the observation that when we excite only the iridium complex in Type 1 devices, at 450 nm, very little long-lived emission is observed (Figure 2 ;
PVK and PBD do not absorb at this wavelength) as few exciplexes are formed and only the mechanism suggested by Rothe et al [14] is present. This can be contrasted with the PL decay of the same Type 1 device at 355 nm excitation when PVK and PBD are also excited and long-lived emission increases substantially. Furthermore, after electrical excitation, when many more triplet states are formed (25% singlet and 75% triplet [25] ) long-lived complex emission fed via the exciplexes increases to more than half of the total emission.
We observe 26% of long lived emission contribution in type 4 devices (with 1 and PVK). Subtracting this contribution from type 1 device (with PVK, PBD and 1) long lived contribution of 65%, gives us 39%. In addition to, from PL measurements of device 1 ( figure   2a , excited with 355%) we get 35% long lived emission contribution. This could imply that around 35-39% long lived contribution in device 1 comes from PVK and PBD exciplex, and the remaining 25% arising from charge transfer state between the complex 1 and the PVK 14 .
However, we think this is just a coincidence and that this calculation can only give the lower limit of PBD and PVK exciplex contribution. Addition of PBD into the emissive layer will lead to creation of PBD and PVK exciplex state that will change the dynamics of the system, hence such simple calculation is not necessarily valid. Based on HOMO/LUMO diagram, and very low concentration of 1 in our devices (10% wt) we conclude that it is more likely PVK and PBD exciplex will dominate the dynamics in PLEDs and its contribution in total emission will be greater than 39%.
De-trapping of charges after electrical excitation could also be responsible for the enhanced delayed emission. In this case with PL excitation long lived emission should not be present, but we observe that it contributes to at least ~36% of the total emission.
Consequentially, we assume that the greater part of delayed emission at electrical excitation must come via PBD:PVK exciplex states. This system can be directly compared to that of TPBi-NPB small molecule exciplex devices, as previously described (TPBi is 1,3,5-tris(N-phenylbenzimiazole-2-yl)benzene; NPB is N,N′-
In these devices we confirmed that the bulk of the delayed fluorescence and delayed electroluminescence arises from the ptype delayed emission process, i.e. triplet fusion arising from triplet-triplet annihilation [26] , as opposed to the e-type mechanism, i.e. thermally activated delayed fluorescence (TADF) [27] .
In this case the NPB 3 π-π* triplet state is the lowest energy level of the system and through enhanced intersystem crossing (ISC) within the TPBi:NPB exciplex [28] a large triplet population is formed which transfers down to the lowest triplet state of the system, the NPB triplet. Slow triplet migration and subsequent fusion gives rise to a long lived delayed emission (electroluminescence) component. In the case of PVK:PBD:1, the Ir complex is the lowest triplet state of the system and so the exciplex triplet population slowly transfers to the dopant to yield the long-time delayed emission. The long lifetime of the exciplex state reflects the very low/zero mobility of the exciplex excited state and thus the average energy transfer rate to the Ir complex is concomitantly very slow. In both cases the key process is the enhanced triplet formation on the exciplex species. We also note that excimers of the donor also compete with other emissive species in such mixed emitter layers, [29] so it is not surprising that PVK triplet dimers also act as emissive traps as seen here.
Conclusions
In conclusion, we show in this communication that PVK and PBD based devices have long lifetime emission lasting up to 1 ms and this emission in some cases can be greater than prompt emission from excitons formed on the dopant initially (up to a few microseconds).
The majority of long-lived emission in these devices arises from PVK:PBD exciplex triplet states created during recombination which in turn feed the Ir complex. This long-lived emission from the complex is crucial to the performance of PVK:PBD devices. This exciplex-fed long-lived emission from a heavy metal complex is observed in other PLEDs with PBD (also OXD-7) and PVK doped with blue or green iridium dopants (for details see the supplementary information). It is established, therefore, that this is a general phenomenon rather than one confined to a specific di-iridium case. 
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